Retroviruses are defined by their ability to reverse the normal flow of genetic information from genomic DNA to mRNA (19) . Although not unique (pararetroviruses such as hepatitis B virus also share this property), retroviruses nevertheless form a clearly defined viral genus. Distinguishing characteristics include the morphology and composition of retroviral virions and the possession of a single-stranded, positive-sense RNA genome. While retroviruses form a relatively homogeneous viral family, they have customarily been subdivided into three taxonomic groupings primarily on the basis of the in vivo and in vitro consequences of infection (16, 19) . The oncovirus subgroup includes retroviruses able to cause neoplastic disease in the infected host animal but also includes some related, relatively benign viruses. The lentivirus subgroup includes retroviruses that cause slow, chronic diseases that generally, but not always, lack a neoplastic component. Members of the spumavirus subgroup cause a foamy cytopathic effect in tissue culture and have yet to be clearly associated with any disease.
Retroviruses were the first oncogenic viruses to be identified, and it is this ability to transform cells which first attracted scientific attention. Interest in the mechanisms of retroviral transformation led to considerable research into the life cycle of animal retroviruses belonging to the oncovirus subgroup, focusing particularly on the prototypic murine and avian leukemia viruses (MLV and ALV) (19) . Retroviral replication is initiated by the intracytoplasmic penetration of the virion core, a process mediated by the specific interaction of the viral envelope glycoprotein with a host cell surface receptor. Subsequently, the virion-associated reverse transcriptase transcribes the single-stranded viral RNA genome into a double-stranded linear DNA proviral intermediate. This proviral intermediate then migrates to the nucleus where the viral integrase enzyme acts to covalently link the retroviral genome to the host chromosomal DNA, thereby forming the retroviral provirus.
In its simplest form, as seen for example in MLV, retroviral replication requires only three distinct virus-encoded genes (19) (Fig. 1) . These are the gag gene, which encodes the virion structural proteins, the pol gene, which encodes the various virion-associated enzymes, and env, which encodes the envelope glycoprotein. (A viral protease, required for the posttranslational processing of the Gag and Gag-Pol polyproteins, may be encoded in pol or may form part of gag.) In the integrated DNA provirus, these three genes are invariably arranged in the same order (5'-gag-pol-env-3') and are flanked by the characteristic long terminal repeats (LTRs) generated during the process of reverse transcription. The LTRs contain enhancer and promoter elements required for efficient transcription of the retroviral genome and also contain sequences important for efficient mRNA polyadenylation within the 3' LTR. In the case of MLV and the majority of other animal oncoviruses, the integrated provirus encodes only two distinct transcripts. These are the genomic RNA, which also functions as the mRNA for Gag and Pol synthesis, and a singly-spliced mRNA species that encodes Env. It therefore appeared that the life cycle of MLV, and by extension of retroviruses in general, was both simple and efficient. Viral gene products served structural or enzymatic functions, while regulation of viral gene expression at both the transcriptional and posttranscriptional levels was controlled by the interplay of cis-acting viral DNA or RNA sequences with trans-acting factors encoded entirely by the host cell.
The discovery of directly pathogenic human retroviruses, particularly the emergence of human immunodeficiency virus type 1 (HIV-1) as an important human infectious agent, resulted in a renewal of research interest in retroviruses that have little or no in vivo transforming potential. This shift in emphasis led to the realization that the simple retroviral replication cycle delineated above was not universally applicable. In particular, HIV-1 has been shown to encode several gene products in addition to the characteristic retroviral gag, pol, and env genes (4, 14) (Fig. 1) . At least two of these novel proteins, Tat and Rev, were shown to act in trans to regulate HIV-1 gene expression (3, 14) . Overall, while the steps between penetration and proviral integration appeared similar for both MLV and HIV-1, postintegration events were found to be far more complex in the case of the latter (3, 14) . This observation led to the concept that HIV-1 in particular, or perhaps human retroviruses in general, might be uniquely complex in terms of their regulation and life cycle. In this review I will argue to the contrary, that HIV-1 is merely the most fully understood representative of a whole class of animal retroviruses that I will refer to here as "complex retroviruses." Retroviruses belonging to this class, which includes all lentiviruses and spumaviruses as well as human T-cell leukemia virus type I (HTLV-I) and related viruses, are distinguished from MLV and other "simple" retroviruses by a series of shared characteristics. Using HIV-1 as my primary example, I will describe these traits and discuss their significance in the viral life cycle.
GENE REGULATION IN COMPLEX RETROVIRUSES
The defining characteristic of the complex retroviruses is not simply the greater complexity of their genomes but rather the specific pattern of viral gene regulation that is displayed in the infected cell. This regulatory pattern, which both requires and facilitates a more complex genomic organization, is depicted in Fig. 2 .
All integrated proviruses are acted upon by host cell transcription factors (3, 8, 9, 14, 19 The four members of the proposed complex retrovirus classification described in Fig. 1 All four complex retroviruses depicted in Fig. 1 encode nuclear trans activators of viral LTR-specific transcription. The most unusual of these regulatory proteins is clearly the HIV-1 Tat trans activator (2) . Although Tat may somewhat increase transcription initiation, it primarily functions to enhance the otherwise low efficiency of elongation of transcription complexes that have initiated within the LTR. Remarkably, Tat is an RNA sequence-specific trans activator that has been shown to interact directly with its target sequence, an RNA stem-loop structure located at the 5' end of all HIV-1 transcripts (2) .
In contrast to Tat, the other three transcriptional trans activators depicted in Fig. 1 appear to be of the more traditional, DNA sequence-specific variety. The HTLV-I Tax protein has been shown to act via an indirect mechanism that requires a 21-bp repeat element found in the U3 region of the HTLV-I LTR (9) . The S protein of visna virus also acts via the viral LTR U3 element, although in this case the target DNA sequence remains to be fully defined (8) . One possibility is that the S protein acts through host-specific nuclear factors that recognize repeated AP-1 motifs present in the visna virus U3 element (8) . The HSRV Bel-1 protein is also a nuclear trans activator of viral transcription which again functions through a distinct LTR U3 region-specific sequence (10) . Of note, none of these four trans activators appears able to give rise to significant levels of trans activation when tested on heterologous retroviral target sequences (10) . Therefore, while complex retroviruses invariably encode a trans activator of viral transcription (Fig. 2) , these regulatory proteins may act via distinct target elements and, in at least some cases, via completely different activation pathways.
POSTTRANSCRIPTIONAL REGULATION IN COMPLEX RETROVIRUSES
Complex retroviruses are predicted to express multiple distinct viral mRNA species in a pattern that is temporally regulated by the action of a Rev-like protein (Fig. 2) . Direct evidence for temporal regulation of viral mRNA expression exists for both HIV-1 and visna virus (11, 20) . In addition, a virus-encoded posttranscriptional regulatory protein has been described for several lentiviruses, including HIV-1 and visna virus, as well as for the HTLV-I family of retroviruses; this protein is named Rex (3, 5-7, 12, 14, 17, 18) . Although HSRV displays a complex pattern of mRNA expression and has been shown to encode a multiply spliced mRNA that directs the synthesis of a transcriptional trans activator (10, 13) , the temporal and posttranscriptional regulation of gene expression remains to be addressed for any spumavirus. The existence of this level of regulation in HSRV therefore remains hypothetical.
The posttranscriptional regulators encoded by HIV-1, visna virus, and HTLV-I appear to share marked mechanistic similarities (1, 3, 5-7, 12, 14, 17, 18) . All are nuclear proteins that concentrate in the nucleolus. All act via an RNA target sequence, termed an RRE, that forms a highly ordered RNA stem-loop structure. (In the case of HIV-1 Rev, this interaction is known to be direct). All are also believed to function via a similar mechanism that involves the inhibition of viral mRNA splicing and/or the activation of unspliced viral mRNA export from the nucleus. Of particular note is the observation that the HTLV-I Rex protein can activate the expression of unspliced HIV-1 mRNAs in an HIV-1 RRE-dependent manner (7) . This interaction is especially remarkable given the lack of significant primary sequence homology between Rev and Rex.
The apparent functional homogeneity of these posttranscriptional regulators stands in marked contrast to the variability displayed by the various retroviral transcriptional trans activators discussed above. While the reason for this discrepancy is unclear, it is tempting to speculate that this may reflect the lack of appropriate alternative pathways of posttranscriptional, as opposed to transcriptional, regulation in the host cell.
OTHER RETROVIRAL PROTEINS
As defined above, a complex retrovirus is predicted to encode at least five distinct gene products. These are the gag, pol, and env genes, also seen in the simple retroviruses, as well as two regulatory proteins that serve functions comparable to those of the HIV-1 Tat and Rev trans activators (Fig. 2) . This minimal pattern is seen in the case of HTLV-I, which appears to encode precisely these five predicted gene products (Fig. 1) . However, the regulatory proteins characteristic of the complex retroviruses can also facilitate the ordered expression of additional novel viral mRNAs and proteins, thus significantly increasing the potential genetic flexibility of this retroviral classification. This is most clearly seen in the case of HIV-1, which encodes 9 distinct viral gene products that are translated from more than 20 different viral mRNA species (4, 14 (15) . It will therefore be of interest to determine whether the similar pattern of gene regulation observed in other complex retroviruses could also underlie similar patterns of in vivo pathogenesis.
